Van der Waals heterostructures give access to a wide variety of new phenomena that emerge thanks to the combination of properties brought in by the constituent layered materials. We show here that owing to an enhanced interaction cross section with electrons in a type I van der Waals heterostructure, made of single layer molybdenum disulphide and thin boron nitride films, electrons and holes created in boron nitride can be transferred to the dichalcogenide where they form electron-hole pairs yielding luminescence. This cathodoluminescence can be mapped with a spatial resolution far exceeding what can be achieved in a typical photoluminescence experiment, and is highly valuable to understand the optoelectronic properties at the nanometer scale. We find that in heterostructures prepared following the mainstream dry transfer technique, cathodoluminescence is locally extinguished, and we show that this extinction is associated with the formation of defects, that are detected in Raman spectroscopy and photoluminescence. We establish that to avoid defect formation induced by low-energy electron beams and to ensure efficient transfer of electrons and holes at the interface between the layers, flat and uniform interlayer interfaces are needed, that are free of trapped species, airborne ones or contaminants associated with sample preparation. We show that heterostructure fabrication using a pick-up technique leads to superior, intimate interlayer contacts associated with significantly more homogeneous cathodoluminescence.
INTRODUCTION
The development of deterministic stacking of individual or few layers from layered materials such as graphite, boron nitride, or transition metal dichalcogenides (TMDCs) in the last few years allows now to build van der Waals heterostructures at will [1] . Even though such structures are produced in conditions that are far from ultra high vacuum conditions usually required to obtain very high quality heterostructures, careful preparation yields clean enough interfaces to observe phenomena requiring efficient electronic coupling between layers. For instance, long-lived interlayer excitons were observed [2, 3] , interlayer exciton-phonon coupling was reported in WSe 2 /hexagonal boron nitride (h-BN) [4] , interlayer phonon coupling was demonstrated in MoS 2 /graphene [5] as well as in TMDC-based van der Waals heterostructures [6] . These achievements demonstrate that both inter-layer electronic and structural coupling can be obtained in such heterostructures. Moiré superlattices, which are the van der Waals (soft) counterpart of dislocation networks in heteroepitaxial threedimensional semiconductors, enrich the electronic and optical properties [7] [8] [9] [10] [11] .
Direct observations with high resolution transmission electron microscopy indeed revealed locally perfect crystalline interfaces between two-dimensional materials, with no apparent defects and only a van der Waals gap a few Ångström-thick, devoid of impurity species [12] . Even though beam-induced damages can be reduced by lowering the energy of the electron beam to a few 10 keV in the transmission electron microscope column [13] , such analysis is destructive (the samples need to be cut and thinned down to a few nanometer), and it is tedious to extend it at the scale of the entire heterostructure. On the contrary optical hyperspectral microscopies, mapping excitonic (photoluminescence) or vibrational (Raman) interlayer modes of the heterostructures, require no additional sample preparation, and provide indirect information on the quality of interfaces [6, 14] . Their downside is their limited spatial resolution, which conceals information on, e.g., strain or electronic doping variations at scales below a few 100 nm.
Cathodoluminescence (CL) is a powerful tool to study opto-electronic properties at the nanometer scale, when implemented in a scanning electron microscope. Here, an electron beam of adjustable energy in the keV range excites electrons and holes, that can form electron-hole pairs (excitons) and recombine radiatively, giving local spectroscopic information. In that case spatial resolution is linked to the size of the excitation source, i.e. the electron beam which is as small as a few nanometers, rather than limited by the optical diffraction limit. In fact, spatial resolution in such experiment could ul- timately be set by the diffusion of the excitons. It can reach several hundreds of nanometers at room temperature in monolayer TMDCs but is expected to be strongly quenched at low temperature due to the enhancement of the radiative recombination rate [15] . Due to the low interaction with the electron beam, atomically thin layers are expected to produce a small signal below the detection limit of most instruments. In fact, no CL could be measured so far on a free-standing TMDC single layer. Van der Waals heterostructures can be used to artificially enhance the interaction by encapsulating the active layer into an electronic barrier, very much like semiconductor quantum wells are built: a small band gap material (well) is surrounded by a larger band gap material (barrier). Electron beam irradiation generates hot electrons and holes inside the barrier, which can be arbitrarily thick and hence produce a significant population of hot charge carriers that relax and can be transferred into the low band gap material. This approach has been recently demonstrated with h-BN as a barrier and a single layer TMDC (MoS 2 ,WS 2 , WSe 2 ) as the active lay and the decisive effect of h-BN capping was demonstrated by varying its thickness [16] .
So far cathodoluminescence was observed only in limited area of van der Waals heterostructures, and the absence of cathodoluminescence was ascribed to a locally poor contact between the h-BN and TMDC surfaces [16] . In this scenario, it is implied that in that case charge carrier transfer between the barrier and active material is inefficient, and hence no exciton can be formed in the latter material. Poor-contact-regions are indeed very common in heterostructures. They correspond to blisters trapped at the interfaces, where contaminants associated with the manipulation of the two-dimensional materials gather [17] .
Here we demonstrate that indeed an intimate contact between the materials is key to observe efficient cathodoluminescence. Conversely, we find that in presence of contaminants at the interfaces cathodoluminescence is quenched. This quenching is also observed in photoluminesence performed after the cathodoluminescence. It is hence not only the signature of an inefficient transfer of electrons and holes, as it was thought, but it proves the creation of crystal defects inside MoS 2 that presumably strongly promote non-radiative exciton recombination. Such defects are detected in Raman spectroscopy. We trace back the origin of defects to a possible chemical reaction between trapped species and the pristine MoS 2 , promoted by the electron beam. We show that the spatial uniformity of the cathodoluminescence response of the heterostructures can be greatly enhanced by reducing the amount of contaminants at interfaces (in particular, the amount of trapped blister), using polypropylene carbonate (PPC) to pick-up and release the different materials of the heterostructure [17] . The spatially-resolved integrated CL intensity of the exciton is shown in (c) showing some strong inhomogeneities. This is not the case for the integrated PL intensity measured before CL at room temperature (d). In contrast, integrated PL intensity measured after CL (e) shows a strong inhomogeneity presenting a spatial correlation with the CL mapping.
EXPERIMENT Van der Waals heterostructure preparation
The van der Waals heterostructures studied in this work were assembled by two methods (Figure 1a,b) . A dry viscoelastic transfer method using polydimethylsiloxane (PDMS) [18] , involving two successive stamping, of MoS 2 and h-BN, and a pick-up technique using PPC [17, 19] , allowing to directly position a h-BN/MoS 2 stack, were both employed to encapsulate MoS 2 singlelayers between h-BN layers (∼ 20 nm-thick). The details are provided in [20] . The optical pictographs of the h-BN/MoS 2 /h-BN heterostructure are displayed in Figures 1c,d ,e. The MoS 2 regions encapsulated between the top and bottom h-BN layers extend across tens of micrometers. We will first focus on the sample prepared using dry viscoelastic stamping ( Figure 1a,c,d ).
Spatially non-uniform cathodoluminescence Figure 2a shows a typical CL spectrum of single-layer MoS 2 encapsulated in h-BN with the PDMS transfer technique. A strong emission is centered around 1950 meV corresponding to the energy of the recombination of the neutral A-exciton (EX) in MoS 2 . The high energy of the electrons (1 keV) compared to the h-BN band gap allows to excite electrons and holes directly in the h-BN, as witnessed by near band edge luminescence from h-BN [20] . Due to its thickness (top: 18 nm, bottom: 22 nm) a significant number of electrons and holes can be generated in h-BN. Using Monte-Carlo simulations, we have shown that at 1 keV, the absorption length in h-BN is of the order of several tens of nm [20] . When the contact with single-layer MoS 2 is intimate, electrons and holes can be transferred into the latter material which has a much smaller band gap than h-BN. They can then form an EX that will eventually contribute to luminescence when recombining radiatively (A-exciton emission in Figure 2a ). Alternatively EX can be formed directly in h-BN and either recombine radiatively or relax into MoS 2 . The full CL process is illustrated in Figure 2b .
For comparison with CL, a PL spectrum taken in the same area is presented in Figure 2a . We see that the spectra are very similar proving their common origin, that is radiative recombination (photon emission) of the A exciton of single layer MoS 2 . We also want to stress that linewidths are both of the order of 10 meV. It shows that no additional broadening is brought by using a high energy electron beam (in the CL experiment) as the excitation instead of light (PL experiment). This is a very important point, and rather unexpected when referring to literature on CL. Large broadenings, associated with the large number of free charges generated, can indeed often be observed [21] . The lack of broadening demonstrated here is a strong asset for the potential application of CL in mapping properties of van der Waals heterostructures at the nanoscale. We note that the excitation energy used in our PL experiment is not sufficient (unlike in the CL experiment) to excite electrons and holes directly in h-BN, so we do not observe luminescence from this material in these conditions. The spatial mapping of the CL intensity measured at 1937 meV (+/-30 meV ) is presented in Figure 2c . Bright and dark regions are observed, in accordance with a previous report [16] . In area of the sample where MoS 2 is not encapsulated with h-BN, no CL is detected; CL is only detected in localized regions of the h-BN-encapsulated MoS 2 [20] . Encapsulation hence appears necessary, because h-BN is the source of electrons and holes that will eventually recombine in MoS 2 , but not sufficient. An absence of CL in presence of h-BN is in principle surprising, and this was proposed as an evidence of a poor contact between h-BN and MoS 2 [16] . Atomic force microscopy (AFM) reveals that the corresponding regions show a significant roughness and bubble-like features at the surface [20] . We relate these observations to the presence of blisters which are filled with species (airborne, contaminants from the polymer stamp) and are trapped at the interface between h-BN and MoS 2 . The regions exhibiting CL actually appear very flat in AFM [20] , with a root mean square roughness in the range of 2 Å, typically several times lower than for other regions. This is indicative of very smooth and flat (buried) interfaces between the materials.
Prior to the measurement of CL maps, we measured PL maps. Figure 2d displays the integrated PL intensity of the EX (sum of neutral and charged excitons contributions, the latter appearing as a low-energy shoulder ). Unlike for CL, the MoS 2 layer appears essentially bright, except at locations where it is physically cracked. There are variations of the PL intensity and position which are attributed to local changes (strain, doping, coupling to h-BN) but no quenching. A straightforward interpretation for the only partial spatial correlations between CL and PL maps on one hand, and the clear correlation between dark regions as found with CL and rough regions as found in AFM on the other hand, relates to the effectiveness of electrons and holes transfer at the interface between MoS 2 and h-BN [16] . Indeed, it seems reasonable to expect that the presence of species intercalated in between the two materials, in the form of blisters or in other forms, hinders charge transfers. However, we will now see that other effects prevail.
Quenching of luminescence by defects.
While before exposure to the electron beam (used for the CL measurement), PL revealed essentially bright regions, the PL map measured after CL strongly correlates with the CL map, showing the same dark regions (compare Figures 2c,e ). It appears thus that the irradiation by the electron beam locally quenches luminescence, regardless of the source of excitation used to observe it. This observation questions the common conception that CL is quenched only by charge transfer hindrance at interfaces; instead it suggests a more invasive effect of the electron beam, damaging MoS 2 .
To address this possibility, we analyzed the vibrational properties of MoS 2 , before and after electron beam irradiation. We performed Raman spectroscopy measurements at room temperature using an excitation wavelength of 532 nm (see [20] ). In the regions showing CL, we always observe Raman spectra with two prominent peaks (Figure 3a) , corresponding to the intralayer in-plane E and out-of-plane A 1 modes [22, 23] . These modes correspond to first-order Raman processes and arise from single phonon at the center of the Brillouin zone. Small deviations from single Lorentzian lineshapes, expected for such processes, can nevertheless be extracted from the experimental spectra of pristine monolayer MoS 2 [20] .
Such deviations likely come from the additional contributions of doubly resonant Raman (DRR) processes. For the E mode, a low energy shoulder was already reported in pristine monolayer MoS 2 [24, 25] . As the E mode is doubly degenerate, such shoulder could be attributed to a degeneracy lifting induced by strain or doping [23] .
Electron beam irradiation has no effect on the spectra in regions showing CL. In regions showing no CL, on the contrary, electron irradiation has strong effects. Prior to irradiation, we also exclusively observe signatures of the E and A 1 modes. After irradiation, the corresponding peaks appear broader and show some structure, and new modes are found at lower frequency, around 230 cm −1 (Figure 3a) . They form a band, that is referred to as LA(M) in the literature [24] [25] [26] . While an exact fitting procedure would require a full theoretical description of Raman intensities including DRR contributions, such complex spectra have been fitted with a sum of Lorentzian in the literature [24, 25, 27] . Within this approximation, we can associate a peak with a given phonon in the band structure. The band around 230 cm −1 was shown to be defect-induced. A detailed, excitation energy dependent study, showed that this band arises from DRR processes involving one phonon; elastic scattering by a defect ensuring momentum conservation [25] . This band has three main contributions: a van Hove singularity in the phonon density of states between the K and M points, the LA branch in vicinity of the M point (LA(M)) and the LA branch in the vicinity of the K point (LA(K)) [25] . In addition we observe another defect-activated contribution near 250 cm −1 which was also reported by Mignuzzi et al. [24] but left unassigned.
We now discuss the evolution of the spectra in the vicinity of the E and A 1 modes upon electron irradiation in regions showing no CL. Defect-induced contributions are visible close to both E and A 1 . They have been attributed to phonons in the vicinity of the M points on the TO, LO and ZO branches [24] . We have quantitatively analyzed the weight of those defect-induced contributions in order to spatially map the occurrence of defects. The details of the analysis are presented in [20] . In Figure  3b -d , we image the presence of defects in the sample using this approach. We see that there is a remarkable spatial correlation between defect mapping using Raman spectroscopy and CL/PL mapping (Figure 2c,e) . In addition, to strengthen the validity of our method, we perform a similar defect-mapping analysis based on the LA(M) band (Figure 3e,f) . We see here that regions with a measurable contribution around 230 cm −1 are the ones that are defective and thus CL/PL inactive. The quenching of luminescence by electron beam irradiation is hence related to defect creation in MoS 2 .
Strong luminescence in case of clean interfaces
We now turn our attention to the origin of defects creation and the possibility to locate regions with an intimate contact between h-BN and MoS 2 prior to CL and the creation of defects.
In Figure 4 , we present a doping analysis of the sample realized prior to CL. We used Raman spectroscopy and tracked local shifts in the positions of the E and A 1 modes (see the distribution in Figure 4a ) to retrieve the spatial dependence of doping (Figure 4b ). This is possible by discriminating the effect of strain, which alters the energy of the two Raman modes in a different way doping does. This kind of analysis was already outlined in the literature on monolayer MoS 2 [28, 29] . We observe that regions exhibiting CL have a smaller n doping, by typically several 10 12 cm −2 , compared to regions presenting no CL. Noting that the analysis concerns measurements acquired before the CL measurements, i.e. prior to electron beam irradiation, we conclude that regions tightly coupled to h-BN are less electron doped than regions with a loose coupling. While the presence of an h-BN susbtrate has been shown to reduce electron doping compared to SiO 2 [29] , in which case doping is created by charge traps at the interface [30] , the exact mechanism at stake here to explain the coupling-dependent doping is more complex. Species trapped at the interface and gathered in the form of blisters are likely candidates to explain the observed n doping. But the effect of, for instance, oxygen, that was present during the sample preparation in ambient atmosphere is still debated and might depend on the substrate [31] . While the identification of the exact mechanism responsible for the observed reduction of n doping in tightly coupled h-BN/MoS 2 regions will require further investigations, it is nevertheless possible to identify those regions using Raman spectroscopy as shown in Figure 4b .
We note that we could not observe low-energy interlayer vibrational modes in Raman spectroscopy, that could be another signature, besides electronic doping level, of an intimate contact between MoS 2 and h-BN. Although such modes have indeed been observed in between TMDC layers [32] [33] [34] , we are not aware of any reports of such modes between h-BN and MoS 2 .
Cause of defect creation by electron-beam irradiation
Having established that defects are induced by irradiation by the electron-beam used during the cathodoluminescence measurements, and that these defects yield prominently to non-radiative recombination of EXs, we now discuss their possible origin. We stress that all the signatures of the defects that we have presented here differentiate them from the ones that can be induced in h-BN upon electron irradiation to create single photon emitters [35] . Besides being created at much lower energy (1 keV here vs 15 keV in Ref. [35] ), they do not show any optical activity and present a Raman signature. Regarding their nature, the energy of the electron beam is well below the threshold for knock-on displacement of individual S or Mo atoms in MoS 2 , which is several 10 keV and few 100 keV respectively [36] [37] [38] . This effect can hence be ruled out as a source of defects in MoS 2 here. The dose in a typical CL experiment is estimated to be of the order of tens of mC/cm 2 (tens of electrons/nm 2 ) which is several order of magnitude below the dose for typical transmission electron microscopy experiments [39] .
Another possible origin, also related to the electron beam, is a chemical reaction rather than a scattering effect. MoS 2 has indeed been shown to act as an active catalyst for hydrogen evolution reactions (HER). Following a Volmer-Heyrovsky type of mechanism, the electron beam used in our experiment might thus promote a multistep chemical process proceeding for instance through the formation of MoH adducts [40, 41] . In our case, it is reasonable to assume that the blisters located at the MoS 2 /h-BN interface contain airborne species such as water and/or oxygen that naturally adsorb on surfaces in ambient pressure conditions and will be trapped during the assembly of the heterostructure. It has been shown that the presence of oxygen can enhance catalytic reactions in MoS 2 [42] . The trapped blisters may hence behave as aqueous solution micro-or nano-reactors. The chemical environment of the MoS 2 atoms bonded to hydrogen is different from that of the pristine material, which may allow the electron scattering processes needed to activate the above-discussed defect-induced Raman signatures. The exact nature of the defects is still an open question at this point and will require further stud- Uniform coupling and properties using PPC pick-up preparation technique. The CL signal measured at 5 K in the sample prepared by the pick-up technique is uniform across the flake. We observe sub-micrometric regions with reduced CL signal (blue) that are (air) bubbles. The integrated PL intensity measured at room temperature before (b) and after (c) CL shows a limited evolution compared to the sample made using PDMS. The absence of signal is limited to small regions and is caused by (air) bubbles created in the fabrication process.
ies. We note that the buried character of the interface makes traditional chemically sensitive surface probes (Xray photoemission spectropscopy, local microscopy) not suited to such investigations.
Cathodoluminescence with improved spatial inhomogeneity
The nanometer-scale spatial resolution of cathodoluminesence, as implemented in a scanning electron microscope, together with the tendency for defect formation under electron-beam irradiation of the blisters, represents a high resolution probe of the quality of the MoS 2 /h-BN contact. Employing this probe allowed us to conclude that the PDMS stamping technique does not yield extended clean contacts beyond a few µm.
We then used an alternative transfer technique based on pick-up and drop-down with a PPC stamp. This technique allows to reduce the amount of blisters trapped at the interface [17] . Figure 1e shows an optical micrograph of such a h-BN/MoS 2 /h-BN heterostructure. The CL map of this sample is much more uniform than that of heterostructures prepared with a PDMS stamping as expected from the more uniform contact (compare Figures 2c and 5a) . Also PL measured before and after CL is very similar (see Figures 5b,c) in contrast to the sample prepared using PDMS (see Figures 2d,e) . It shows that electron beam irradiation in CL has not created extended defective regions because of the uniform coupling in that sample. The complete suppression of bubbles should allow further optimization of the process [17] .
CONCLUSIONS
Our work shows that clean interfaces between TMDCs (here MoS 2 ) and h-BN are required to allow efficient charge transfer between the barrier and active material. Assembly techniques that are commonly employed to prepare heterostructures often trap blisters of contaminants at the interface between the TMDC and h-BN surfaces. Contrary to what may have been thought, the detrimental effect of such blisters is not only a hindrance of charge transfers at the interface. Cathodoluminescence is there quenched due also to electron-beam-induced damage of the TMDC crystal. Defects are generated, and induce non-radiative charge carrier recombination. We ascribe the formation of defects to an electron-promoted chemical reaction. We find that the cleanliness of the interface is of superior spatial uniformity, and the generation of defects is greatly avoided, when a pick-up/drop-down assembly technique with PPC is employed.
The narrow emission linewidth observed in CL and the localized electron beam should allow to spatially map strain and doping profiles with nanometer resolution by analyzing the exciton peak position and the presence of trion emission. CL could also be used to study with unprecedented spatial resolution single photon emitters that were reported in several TMDCs [43] [44] [45] [46] [47] .
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